Abstract-In this paper, two new configurations of multilevel DC-DC converter modules are presented. These converters facilitate the implementation of cascaded topology of multilevel DC-DC converters and improve the transition time in switching between voltage levels. Different sources of power losses of multilevel DC-DC converter modules such as switch losses, switching losses, and transition losses are compared.
I. INTRODUCTION
Multi-level converters are used in power conversion applications due to advantages such as low electromagnetic interference (EMI), low voltage stress on devices, and less harmonic distortion [1] [2] . However, obtaining high power density and high efficiency has become a major problem in most of the power electronics circuits because bulky magnetic components are used. Therefore the system cannot be miniaturized [3] . The main advantage of multi-level DC-DC converters is they are transformer-less [4] and can either reduce the number or eliminate the magnetic components. This reduces the size and the cost of implementation of the converter [5] . The main driving force for DC-DC converters is a constant demand for small, light and high efficiency power supplies. These power electronic converters find increase use in hybrid automobile industry and fuel cell systems [6, 7, 8] .
A basic converter module that provides two levels of output voltage is presented by Peng et al [1] . By connecting these modules in series and through the control of switches multiple levels of DC-DC conversion is obtained [3] . Recently many multilevel DC-DC converters that use cascade topologies that provide significant advantages in terms of range of the output voltage and the number of output voltage levels are presented in [9] . However, the basic dc-dc converter module of [1] cannot be used for cascaded converter topologies. In this paper, two new topologies for converter modules are presented that can potentially be used in cascaded topologies.
For an efficient operation of any power conversion module there is a need to reduce the power losses. Therefore, the source of these losses must be understood and analyzed the impact of circuit configuration on these losses [9] . In this paper the losses that occur in the operation and trasitions of multi-level DC-DC power conversion modules are studied. Another factor that is important in the operation of DC-DC converter is the response of the system to changes in voltage levels, i.e., the transition time of the output voltage. In Section II, the different sources of power loss are presented for the multilevel DC-DC converter. The modified multilevel converter that improves the transition times is described in Section III. Finally, simulation results that compare the three converters are presented in Section IV followed by conclusions.
II. OPERATION AND LOSSES IN MULTILEVEL CONVERTERS
In this section we discuss the operation of the multilevel DC-DC converter module, referred as toplogy1 and shown in Figure 1 [5] . The module has three operating states namely state1, state2 and state3 based on the conduction mode of the switches S1, S2, S3 and S4. In state 1, the switches S1 and S4 are ON and S2 and S3 are OFF resulting in an output voltage of approximately V in . In the state2 switches S1 and S3 are ON and S2 and S4 are OFF charging the top capacitor to V in . In state3, the switches S2 and S4 are ON and S1 and S3 are OFF respectively charging the bottom capacitor to V in . By switching between state2 and state3 at high frequency the output voltage of approximately 2V in is obtained. The control signals applied to the topology1 when the output voltage is switching from V in to 2V in are shown in the Figure 2 . The transition of the duty cycle from state1 is slowly adjusted over a period of time such that the switches S1 and S3 are ON at the same time (state2) and S2 and S4 are ON at the same time (state3). The duty cycle is slowly adjusted to avoid the sudden surges in currents. Similarly, the duty cycle of S1, S2, S3 and S4 are adjusted slowly to switch the output voltage back from 2V in to V in such that S1 and S4 are ON at the same time and S2 and S3 are OFF at the same time as shown in Figure 3 [5] . The inductors are used to reduce the transient currents during the output transition from one voltage level to the other voltage level. The power losses in a multilevel DC-DC converter module can be divided into the following categories that are described below. 
A. Switching loss
These losses that occur during the switching of the transistors can be neglected for very low frequencies but are not negligible at high frequencies. Of particular interest is the in the peak switching loss. Only two switches are operated in state1 whereas all the switches in the converter module are operated in state2 and state3. Therefore, the switching losses are more while output voltage is 2V in rather than V in .
B. Switch losses
These losses that occur in the transistor switch while it is in ON mode or OFF mode. The main contributor to the switch losses is the drain-source resistance when the transistor is conducting current. The combination of switching and switch losses account for about 70% of the total power losses in the converter module.
In addition, the losses in diode and capacitor account for under 1% of total losses.
C. Transition Losses
These losses occur during the transition of the converter output from one voltage level to the other voltage level. Due to the high transient currents when transitioning the output voltage from V in to 2V in or from 2V in to V in , a small inductor is added. The transition losses contribute around 30% of the total losses. The longer the transition in switching from one level to next, larger is the transition power loss. Large transition currents also create distortions in the output waveform. Therefore, reducing transient currents during switching and reducing transition time is an important criterion in the design of the DC-DC converters
D. Voltage Ripples
Since the stored charge in the capacitor maintains the output voltage when it the input source is not directly connected to the output current, there are variations or ripples in the output voltage. These ripple voltages contribute to the distortion in the output voltage. The ripples in the output waveform are affected by the load on the DC-DC converter. As the load increases the voltage ripples increase and vice versa.
III. MODIFIED MULTILEVEL DC-DC CONVERTER MODULES
The cascaded multilevel converters provide superior performance in terms on voltage range and number of voltage levels as compared to other implementations [10] . The converter module from [5] will not provide the needed isolation to implement cascaded multilevel topologies. For example, consider the cascaded configuration shown in Figure  4 . Let the module in the first stage outputs 2V in and the module in the second stage is expected to generate 4V in . During the charging of capacitor C3, the current flow is as shown in the Figure.4 . When operating the modules in this mode the capacitor C3 is charged to the voltage V in and cannot be charged to voltage 2V in Hence, there is a problem in obtaining output of 4V in which can be obtained only if the capacitor C3 is charged to 2V in value. Due to this switching pattern desired output voltage cannot be achieved. The new topologies presented in this paper overcome the problems with this switching pattern. The switching pattern problems in the implementation of cascaded system topology using basic converter module is as shown in the Figure 4 .
Each of these topologies adds two new transistor switches and potentially increases switching losses. In the first proposed topology, one switch S5 is added in series while S1 and S3 are ON and a second switch S6 is in series with S2 and S4 while they are ON as shown in Figure5 
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and they are maintained in OFF state as long as the transition takes place from 2V in to V in . During this time the freewheeling diodes provide a path for discharge currents from the capacitor to reduce their voltages form V in to V in /2. The second topology design is as shown in the Figure 6 . When the proposed first and second topology drives the load directly the switches S5 and S6 are open so that the capacitors drive the load in the first topology and the source drives the load in the second topology respectively. This reduces the transition time and surge currents during transition and extends the life of the converter.
The transition time was 15 ms for topology1 [2] and it is considered as 1 ms in this case as the transition currents are almost negligible with the addition of these new switches for the new topologies. Since there is significant reduction in transition currents the lifetime of the new converters will improve. When the switches S5 and S6 are OFF during the transition time the input voltage directly supplies the current to the load. Due to the presence of the inductors while supplying the current to the load there are large voltage ripples in this topology during the switching operation. The control signals during output transition from V in to 2V in and from 2V in to V in are shown in the Figure 7 and Figure 8 respectively. The control signals for the four switches from S1 to S4 are similar for all the three topologies. For the topology2 and topology3 the switches are OFF during the transition period and are ON during steady output condition.
IV. SIMULATION RESULTS
Circuit simulations of the three topologies have been performed to study the losses during the operation for 250 W multilevel DC-DC converter topologies. The switches used are MOSFET module IPB025N10N3, and 20 mf capacitors are used for both the capacitors C1 and C2. The loads used are.4 for the resistive load and 25 A for current load. The topology1 converter module has four NMOS transistor switches whereas topology2 and topology3 each have six NMOS transistors.
Comparison of all the losses calculated from the output waveforms of the simulations of each converter topology are presented in the Table I and Table II for output voltages of   2 and respectively with a current load. Similarly in Table III and Table IV different topologies for output voltage  and 2 respectively for resistive load are presented.
The switching losses in the topologies 2 and 3 are high compared to the topology1 because of the presence of the two extra switches. The transition losses are reduced but the overall power loss is more in the two new topologies. The difference in efficiency is <1% for topology 3 as compared to toplogy1 of [2] . The efficiency reduces between 1-3% for topology2 as compared to topology1. The ripple voltage of topology3 is significantly larger than topology1 or topology2. Considering the transition time during switching of voltage levels and the transient current surges the topology 3 and topology 2 are better than topology1 However, diode losses are different for each topology but they are negligible and capacitor charging and discharging are same for all the topologies. 
